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Extended Data Fig. 1 | Combination of bulk and single nuclei RNA-seq 
co-expression analysis. Because it was unclear which type of enzyme would 
catalyze this cyclization reaction, we attempted to narrow down the list of 
candidates through co-expression analyses rather than using functional 
annotation. To achieve the most highly resolved co-expression list, candidate 
genes from tissue specific co-expression analysis (Pearson correlation to CiISY 
expression > 0.8) and cell type specific co-expression analysis (co-expression 
module 16) were overlayed. a, In addition to co-expression, only genes with high 
absolute expression in bulk RNA-seq (>50 CPM in young leaves from plant 1) and 
snRNA-seq (normalized average expression > 1 in cell cluster 30) were included. 
The overlay contained the 13 genes listed with functional annotations based on 
sequence homology. ICYC is shown in bold. Blue indicates orthologs of known 

iridoid pathway genes, green indicates orthologs of known MEP pathway genes. 
CYPADH has been previously associated with iridoid biosynthesis but its exact 
function could not be determined (Brown et al, 2015). b, Without a cutoff for 
absolute expression in bulk RNA-seq, the list of genes common to both datasets 
contained 9 additional genes, including orthologs of the C. roseus bHLH iridoid 
synthesis (BIS) transcription factors that are known to induce expression of IPAP 
specific iridoid pathway genes31–33. Blue indicates orthologs of C. roseus BIS. CPM, 
counts per million;; GES, geraniol synthase; G8H, geraniol 8-hydroxylase; 8HGO, 
8-hydroxygeraniol oxidase; ISY, iridoid synthase; ICYC, iridoid cyclase; IO, iridoid 
oxidase; 7DLGT, 7-deoxyloganetic acid glucosidase; 7DLH, 7-deoxyloganic acid 
hydroxylase.
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Extended Data Fig. 2 | Virus Induced Gene Silencing (VIGS) of ICYC and ISY in  
C. roseus. Magnesium Chelatase (MgChel) was co-silenced in all cases to visualize 
silenced tissues. In the negative control (in orange) only MgChel was silenced. As 
a positive control CrISY was silenced. a- b, qPCR confirming the downregulation 
CrICYC (a) or CrISY (b) compared to MgChel negative control. Expression values 
are shown as fold-changes relative to expression in MgChel negative control. 
Bar graphs depict mean N = 6 biological replicates, error bars are standard 

error of the mean. Black dot symbols depict values for individual replicates. 
P-value of unpaired two-tailed ttest with Welch’s test correction: **P = 0.0061, 
****P < 0.0001. c, Secologanin levels in silenced plants compared to control. 
LC-MS peak areas normalized to internal standard are shown as individual dots of 
each replicate, the line depicts the mean of N = 6 biological replicates. P-value of 
unpaired two-tailed ttest with Welch’s test correction: **P = 0.0047, ***P = 0.0002.
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Extended Data Fig. 3 | ISY and ICYC must be simultaneously present for 
nepetalactol formation and may interact. a, Enzyme assays under the 
conditions shown in Fig. 2a (main text) but with ICYC, NmMLPL or BSA 
added simultaneously for 3 hours or after 1.5 hours reaction with CrISY alone 
(sequential incubation). Interestingly, nepetalactol is only formed to higher 
amounts in simultaneous incubations. This could indicate that the formed ISY 
product 8-oxocitronellyl enol, which is the substrate for the cyclases, is unstable 
und must be immediately taken up by the cyclases. Bar graphs depict peak areas 
from N = 3 replicates of nepetalactol, error bars are standard error of the mean.  
b, Split-Luciferase assay with CiICYC and CiISY in N. benthamiana. The C-terminal 

part of luciferase (CLuc) and the N-terminal part of luciferase (NLuc) are always 
fused N-terminally or C-terminally, respectively, to the target protein80. Empty 
vectors (EV) contained non-fused CLuc or NLuc, respectively, and served 
as negative controls. Leaf disks were cut from N = 4 biological replicates of 
agroinfiltrated N. benthamiana plants, transferred to a well plate, where luciferin 
was added, and imaged using a Nightshade camera (see methods for details). 
Images are pictures of the same leaf disks with different indicated exposure 
times. The assays indicate that CiICYC interacts with itself and that CiICYC 
interacts with CiISY. Note that when NLuc is fused to CiISY interaction is weaker 
and only revealed at longer exposure times.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Esterase activity of ICYC. a, Reaction scheme of the assay. 
Esterase activity of the proteins was assessed with 4-nitrophenyl acetate as a 
substrate. The formation of product is assessed by measuring absorbance of 
the 4-nitrophenol (yellow) at 405 nm. b, Esterase activity assays of 0.5 µM ICYC 
orthologs compared to NmMLPL and the negative control BSA. Esterase activity 
greatly varies among ICYC proteins but is detectable for all ICYC orthologs.  
c, Esterase activity assays of 0.5 µM CiICYC wild-type and mutant proteins  

(see Fig. 3, main text). Mutations in the catalytic triad led to complete 
abolishment of esterase activity (the asterisk indicates that D210A mutant was 
poorly soluble, thus activity could not be assessed reliably). Esterase activity 
appeared to be poorly correlated with cyclase activity (Fig. 3, main text).  
Each curve was created by curve fitting of absorbance values of N = 3 replicates. 
Absorbance was measured every minute on a microplate reader (see methods  
for details).
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